In a previous study, we found that enhanced CO 2 subjected to nodulated alfalfa plants grown at different temperatures (ambient and ambient + 4
Introduction
The global atmospheric CO 2 concentration is increasing and, according to the Intergovernmental Panel on Climate Change, it is expected to reach 700 mol mol −1 by the end of this century (IPCC, 2001) . Most experiments analysing the effect of CO 2 increase on vegetative processes in the context of climate change have studied the effect of CO 2 or CO 2 -temperature interaction under optimal conditions of water supply. However, when studying the effect of climate change on Mediterranean environments, it should be kept in mind that circulation models also predict drier conditions for the Mediterranean basin due to an increase in temperature and water deficit (IPCC, 2001; Alley et al., 2007) . Furthermore, it is well known that the effect of combined stresses on plant growth causes alterations that cannot be predicted from the effects of the stresses alone because of synergism and antagonism phenomena (Valladares and Pearcey, 1997) . Chaves and Pereira (2004) observed that, although photochemical processes are resistant to low water availability conditions, they induce downregulation of the photosynthetic apparatus when they interact with elevated temperature and irradiation levels.
Although the influences of increases in CO 2 levels on plant growth and physiology have been studied by a number of workers (Wolfe et al., 1998; Urban, 2003; Long et al., 2004; Aranjuelo et al., 2005a Aranjuelo et al., , 2006 Erice et al., 2006a) , the effect of elevated CO 2 on plant photochemistry and its influence on PSII have received little attention. Furthermore, the results of previous studies reveal significant discrepancies and variability. For example, Hymus et al. (2001) observed that plants exposed to elevated CO 2 concentrations exhibited increased (photochemical) requirements for light-saturated electron flow through Photosystem II, whereas Scarascia-Mugnozza et al. (1996) reported that CO 2 increase had a depressive effect on plant photochemistry. According to previous studies, elevated CO 2 levels will increase the photosynthetic carbon reduction cycle (the major sink for the reducing equivalents generated by the primary chemical reactions) and consequently the electron flow that drives it (Hymus et al., 2001 ). In addition, elevated CO 2 will competitively suppress the photorespiratory carbon oxidation cycle and the resulting electron flow. However, several studies on C 3 plants grown under elevated CO 2 concentration have observed that, after an initial stimulation of photosynthetic rates, the carboxylation capacity of plants decreases after long-term exposure Long et al., 2004; Aranjuelo et al., 2005b) . As observed by Hymus et al. (2001) , changes in C assimilation at elevated CO 2 require modifications in the partitioning of the absorbed energy between heat dissipation and photochemistry. When photosynthesis decreases and light excitation energy is in excess, overexcitation of the photosynthetic pigments in the antenna can occur. Impairment of photosynthetic function will lead to excessive excitation energy in Photosystem II (PSII), leading to an accumulation of reactive oxygen species (ROS) and thereby resulting in oxidative stress.
Production of ROS, including superoxide (O 2 − ), hydrogen peroxide (H 2 O 2 ), and the hydroxyl radical ( • OH), is an inevitable consequence of life in an oxygen-rich environment (Polle et al., 1990) . ROS are formed within the plant as a consequence of (a) photochemical production of H 2 O 2 in the atmosphere from air pollution; (b) donation of electrons directly to oxygen during photosynthesis, especially with high light; and (c) in response to environmental stresses such as drought/heat, etc. ROS damage plant cells by oxidizing membrane lipids, including the photosynthetic apparatus (Foyer and Harbinson, 1994) ; inhibit protoplast regeneration (Marco and RoubelakisAngelakis, 1996) ; and damage proteins, chlorophyll, and nucleic acids (Foyer and Harbinson, 1994) .
Plants have developed three main mechanisms to diminish photooxidation: (a) to prevent the production of ROS by diminishing the electron transport chain; (b) to scavenge ROS formed by an integrated system of enzymatic and nonenzymatic antioxidants (Asada, 1999) . The ascorbate-glutathione cycle is the most important antioxidant cycle in plants (Alscher et al., 1997) . The first ROS produced in the plant cells is the superoxide radical anion (O 2 − ), which is dismutated to H 2 O 2 by superoxide dismutase (SOD). The H 2 O 2 is then reduced to H 2 O by ascorbate peroxidase (APX). The ascorbate oxidized by APX is reduced by the reduced form of glutathione, and the glutathione is yet again reduced by glutathione reductase (GR) (Alscher et al., 1997) . Secondly, the chloroplastic water-water cycle, which is related to the electron flow from the water in Photosystem II to O 2 reduction in PSI without any release of superoxide and hydrogen peroxide, has been proposed as an effective mechanism to dissipate excess excitation under environmental stress (Asada, 1999; Ort and Baker, 2002; Zhou et al., 2006) . (c) To diminish photooxidation through xanthopyll cycle-dependent thermal dissipation, an important photoprotective process in the light-harvesting antenna of Photosystem II (Gilmore, 1997; Verhoeven et al., 1999) . In this process, the formation of a pH gradient across the thylakoid membrane activates the de-epoxidation of violoxanthin (V) to zeaxanthin (Z) and anteraxanthin (A), facilitating the thermal dissipation of excess excitation energy (Demming et al., 1987) . Xanthophyll cycledependent energy dissipation downregulates the photochemical efficiency of PSII, thereby protecting the reaction centres from photooxidation.
Several responses of photoinhibition to elevated CO 2 concentration have been reported. In wheat plants grown under elevated CO 2 conditions, a greater proportion of the absorbed light is used in photochemistry at high light (Habash et al., 1995) . Such an increase was reflected in larger photochemical energy dissipation with the consequent reduction in photoinhibition. Other authors showed decreased photochemistry and increased photoinhibition in plants exposed to drought (Scarascia-Mugnozza et al., 1996) and heat stress conditions (Roden and Ball, 1996) . An increase or decrease in photochemistry and photoinhibition depends on whether photosynthetic downregulation occurs (Hymus et al., 2001) . In a previous study carried out by our group with alfalfa plants grown under elevated CO 2 conditions, it was observed that, although plants grown at 700 mol mol −1 had photosynthetic acclimation, CO 2 increase protected PSII from higher excess in excitation energy as indicated by the higher F v /F m (Aranjuelo et al., 2005a) . Hymus et al. (2001) also observed that elevated CO 2 enhanced nonphotochemical quenching to compensate for the reduction in energy sink, thus contributing to the alleviation of excessive excitation energy in the PSII. The influence of elevated CO 2 on PSII photoprotection has also been highlighted by other authors (Carvalho and Amâncio, 2002; Kurasova et al., 2003; Kitao et al., 2005) .
In a previous study, we observed that, although elevated CO 2 resulted in significantly lower values of PSII efficiency in the light (φ PSII ), higher values of F v /F m were measured in dark-adapted leaves (Aranjuelo et al., 2005b) . As a follow up, in the present work, we examine the photoprotective effect of elevated CO 2 (at different temperatures and water availability regimes) on PSII in nodulated alfalfa plants. This experiment was performed in temperature gradient tunnels (TGTs) placed over plants under standard field conditions. The objective was to analyse the mechanisms involved in CO 2 -induced photoprotection of the photochemistry of PSII (Aranjuelo et al., 2005a) and to determine which processes could be linked to the protection of reaction centres. To do so, the following processes associated with photodamage were studied: (a) the electron transport chain; (b) scavenging of ROS by antioxidant molecules, enzy-matic and nonenzymatic; and (c) xanthopyll cycle-dependent thermal dissipation.
Materials and methods

Seedling growth
Alfalfa (Medicago sativa) seeds were germinated in Petri dishes. One week later, they were transferred to 13-L pots (20 plants per pot). According to Arp (1991) , plants grown in small pots exhibit a greater acclimation response to CO 2 enrichment than field-grown plants. A large pot volume will avoid restricted root growth, which otherwise may affect the supply of water and nutrients and therefore limit the sink for assimilates. The pot substrate was a mixture of perlite/vermiculite (2/1, v/v). During the first month, plants were grown in a greenhouse, at 25/15 • C (day/night), with a photoperiod of 14 h under natural daylight, supplemented with fluorescent lamps (Sylvania DECOR 183, Professional-58W, Germany) providing a photosynthetic photon flux density (PPFD) of ca. 400 mol m −2 s −1 . At the age of 3, 4, and 5 weeks, plants were inoculated with Sinorhizobium meliloti strain 102F78 (The Nitragin Co., Milwaukee, WI, USA). When plants were 1 month old, they were transferred to TGTs located in a commercial alfalfa field at the Muñovela farm (40.95 • N, 5.50 • W, and 795 m altitude) from the Instituto de Recursos Naturales y Agrobiología (CSIC, Salamanca, Spain) (see below, Aranjuelo et al., 2005b) .
Experimental design
The experiment was conducted during June and July in two consecutive years (2001 and 2002) . Results presented in this paper correspond to the mean values of data collected in the 2 years.
The experimental design was a split-split-plot factorial with two levels of CO 2 concentration, temperature, and water availability, replicated in two consecutive years (July 2001 and . The experiment was conducted in two TGTs. The first tunnel corresponded to ambient CO 2 conditions, where plants were grown at ca. 400 mol mol −1 CO 2 . In the second tunnel, which corresponded to elevated CO 2 concentration, plants were grown at ca. 720 mol mol −1 CO 2 . Each tunnel was divided into three modules to allocate ambient and ambient + 4 • C temperature treatments. The middle module was considered a transition module and no experimental plants were included. In each tunnel, the inlet module was maintained at ambient temperature (ca. 19 • C) and the outlet module at ambient temperature + 4 • C (ca. 23 • C). TGTs are described in more detail by Aranjuelo et al. (2005a) .
Different water availability treatments were applied at random to four of the eight pots in each temperature/CO 2 subplot. Within each of the 16 main plots, 8 pots were placed in the ambient temperature module, while the remaining 8 were placed in the elevated temperature module. Within each temperature module, the tunnel was further randomly divided into 8 sub-subplots, 4 of which received the full-watering treatment (control), and the other four received the partial-watering treatment (drought). Although withholding water is the most common experimental approach to simulate low water availability conditions, recognising that in nature, drought is generally not imposed so rapidly, in this experiment, a lesser-sustained stress was applied. In addition, in most cases, plants grown at elevated CO 2 deplete soil water at a lower rate than plants grown at ambient CO 2 , due to lower stomatal conductance and lower transpiration rates, which means that, in many experiments, elevated CO 2 increases the time to reach a particular level of water stress (De Luis et al., 1999) . Thus, drought tolerance -i.e., the ability to maintain plant productivity under a given soil water stress (Jones, 1992) induced by elevated CO 2 -remains incompletely understood. The only way to address this question is to design an experiment in which all treatments are subjected to the same soil water content. Thus, in the present experiment, fully watered plants were irrigated until a maximum substrate volumetric water content (θ v ) around 0.4 cm 3 cm −3 was reached (field capacity). The applied drought level corresponded to 50% of the θ v of control plants (around 0.2 cm 3 cm −3 ). The desired drought level was reached around 15 days after the beginning of treatment, when plants were 45 days old. These θ v levels were then maintained throughout the rest of the experiment by measuring daily the transpired water and replenishing this lost water (De Luis et al., 1999) . The pots for the two water treatments were randomly reallocated within each module each day.
Gas exchange and chlorophyll fluorescence measurements
Fully expanded apical leaves from 54-day-old plants were enclosed in a gas exchange leaf chamber (1010-M, Waltz, Effeltrich, Germany), and the gas exchange rate was measured with a portable photosynthesis system (HCM-1000, Waltz). The gas exchange response to CO 2 was measured from 0 to 1000 mol mol −1 CO 2 . Measurements started at 400 mol mol −1 of CO 2 , decreased stepwise until 250, 100, 0 mol mol −1 and restarted at 400 and increased stepwise until 700, 850, and 1000 mol mol −1 . Every year, four trials of each of the eight treatment combinations were conducted. Lightsaturated rate of CO 2 assimilation (A sat ) was estimated at a PPFD of 1200 mol m −2 s −1 using equations developed by von Caemmerer and Farquhar (1981) . The Rubisco specificity factor used for the von Caemmerer and Farquhar calculations was the one estimated for alfalfa by Keys (1986) . Estimation of the maximum carboxylation velocity of Rubisco (V cmax ) and the maximum electron transport rate contributing to RuBP regeneration (J max ) were made by fitting a maximum likelihood regression below and above inflexion of the A/C i response using the method of Ethier and Livingston (2004) . Stomatal limitation (l), which is the proportionate decrease in light-saturated net CO 2 assimilation attributable to stomata, was calculated according to Farquhar and Sharkey (1982) as l = [(A 0 − A 1 )/A 0 , where A 0 is the A at C i of 360 mol mol −1 and A 1 is A at C a of 360 mol mol −1 .
Chlorophyll fluorescence (measured in the light) was studied after the gas exchange analyses in the same expanded leaves with a portable modulated fluorometer (PAM-2000) (Waltz), with the fibre optics passing through the radiation shield of the leaf chamber at an angle of 60 • . Nonphotochemical quenching was calculated as (F m /F m ) − 1 as described by Bilger and Björkman (1990) , at growth conditions, and with an irradiance of 250 mol m −2 s −1 photon flux density, provided by red-lightemitting diodes (maximum at 655 nm).
Estimation of rate of alternative electron flow
The rate of electron transport through PSII [Je(PSII)] was measured as described by Harley et al. (1992) . The rate of oxygenation by Rubisco (V o ) was estimated as described by von Caemmerer and Farquhar (1981) 
where V c refers to the rate of carboxylation of RuBP, pO 2 refers to the ambient partial pressure of O 2 , Sr refers to relative specificity of Rubisco, and C i refers to intercellular CO 2 concentration. The rate of carboxylation by Rubisco (V c ) was estimated as
, where R d refers to rate of day respiration (Miyake and Yokota, 2000) . The electron fluxes in the two cycles, expressed as Je(PCR) = 4 × V c and Je(PCO) = 4 × V o , respectively (Krall and Edwards, 1992) , were conducted at growth conditions corresponding to each treatment. An alternative flux, Ja, caused by electrons that are not used by the PCR and/or PCO cycles in the total electron flux driven by PSII, can be estimated from Je(PSII) − Je(PCR + PCO) (Miyake and Yokota, 2000) .
Hydrogen peroxide and lipid peroxidation determination
The hydrogen peroxide (H 2 O 2 ) content was measured as described in Patterson et al. (1984) with slight modifications. Three hundred milligrams of the youngest fully expanded leaves was homogenized in a cold mortar with 5 mL 5% TCA containing 0.1 g activated charcoal and 0.1% PVPP. The homogenate was filtered and centrifuged at 18,000 × g for 10 min. The supernatant was filtered through a millipore filter (0.45 m) and used for the assay. A 200-L aliquot was brought to 2 mL with 100 mM K-phosphate buffer (pH 8.4) and 1 mL colorimetric reagent was added. This reagent was made daily by mixing 1:1 (v/v) 0.6 potassium titanium oxalate and 0.6 mM 4-2 (2-pyridylazo) resorcinol (disodium salt). The samples were incubated at 60 • C for 45 min and the absorbance at 508 nm was recorded. The blanks were made by replacing leaf extract by 5% TCA. The level of lipid peroxidation in the leaves was estimated by measuring the content in thiobarbituric acid reacting substances (TBARS) as described by Dhindsa et al. (1981) .
Antioxidant enzyme activities
One hundred and twenty-five milligrams of the youngest fully expanded developed leaves was homogenized in a mortar with 5 mL 100 mM phosphate buffer (pH 7.0) containing 5 mM DTT and 50 mg PVPP. The homogenate was filtered and centrifuged at 38,000 × g for 10 min. The supernatant was separated to determine the activity of antioxidant enzymes. Superoxide dismutase (SOD, EC 1.15.1.1), ascorbate peroxidase (APX, EC 1.11.1.7) and glutathione reductase (GR, EC 1.6.4.2) activities were measured as described by Aroca et al. (2001) . Catalase (CAT, EC 1.11.1.6) activity was determined according to Aebi (1974) .
Glutathione determination
Glutathione concentration was measured as described by Smith (1985) . Five hundred milligram of apical fully expanded leaves of each treatment was homogenized in a cold mortar with 5 mL 5% (w/v) sulfosalicylic acid; the homogenate was filtered and centrifuged at 1000 × g for 10 min. One milliliter of supernatant was neutralized by 1.5 mL 0.5 mM K-phosphate buffer (pH 7.5). The standard incubation medium was a mixture of: 0.5 mL 0.1 M sodium phosphate buffer (pH 7.5) containing 5 mM EDTA, 0.2 mL 6 mM 5,5 -dithiobis-(-2-nitrobenzoic acid), 0.1 mL 2 mM NADPH, and 0.1 mL (one unit) glutathione reductase. The reaction was initiated by the addition of 0.1 mL glutathione standard or extract.
Ascorbate determination
Ascorbate (ASA) and dehydroascorbate (DHA) were assayed as described by Leipner et al. (1997) . They were assayed photometrically by the reduction of 2,6-dichlorophenolindophenol (DCPIP). Two hundred milligrams of apical fully expanded leaves from each treatment were homogenized in 5 mL icecold 2% (w/v) metaphosphoric acid in the presence of 1 g NaCl. The homogenate was filtered through a paper filter. An aliquot of 300 L was mixed with 200 L 45% (w/v) and 100 L 0.1% (w/v) homocysteine to reduce DHA to ASA for the determination of the total ascorbate pool. To determine ASA, the homocysteine solution was replaced by the same volume of distilled water. After 15-min incubation at 25 • C, 1 mL 2 mM citrate-phosphate buffer (pH 2.3) and 1 mL 0.003% (w/v) DCPIP were added. The absorbance at 524 nm was measured immediately. The content of ASA was calculated by reference to a standard curve. The amount of DHA was obtained as the difference between the total ascorbate pool and the ascorbate.
Photosynthetic pigments
Leaf disks, harvested at midday and immediately plunged into liquid nitrogen, were cut with a calibrated cork borer and wrapped in aluminum foil. Leaf pigments were extracted with acetone in the presence of Na ascorbate and stored as described by Abadia et al. (1999) . Pigment extracts were thawed on ice, filtered through a 0.45-m filter, and analysed by an isocratic HPLC method based on the one developed by De las Rivas et al. (1989) with some modifications. Two steps, instead of three, were used: mobile phase A (acetonitrile: methanol, 7:1, v:v) was pumped for 3.5 min, and then mobile phase B (acetonitrile:methanol:water:ethyl acetate, 7:0.96:0.04:8 by volume) was pumped for 4.5 min. To both solvents, 0.7% (v:v) of the modified triethylamine (TEA) was added (Hill and Kind, 1993) to improve pigment stability during separation. The analysis time for each sample was 13 min, including equilibration time. 
Statistical analyses
The experiment was carried out over two consecutive years, in almost the same growth conditions. In the second year, the growth conditions inside and between the tunnels were exchanged. In other words, when, in a given tunnel, a microenvironment of ambient CO 2 was maintained during the first year, this was changed to a microenvironment of elevated CO 2 during the second year, and vice versa. Similarly, in the modules in which ambient temperature was maintained during the first year, an elevated temperature was set for the second, and vice versa. In summary, this experiment provided a total of 16 plots comprising a combination of two different CO 2 levels, two different temperature regimes, two different conditions of water availability, and two repetitions.
The effect of CO 2 , temperature (T), and water availability (H 2 O) on plant development was tested by a split-split-plot multiple analysis of variance (ANOVA) with three factorial treatments (CO 2 , temperature, and water availability) (Montgomery, 1984) . The CO 2 treatment was the main plot factor, temperature was the split-plot treatment, and water level was regarded as the split-split-plot treatment. The main plot analysis contained the sum of squares for CO 2 divided by the main plot error sum of squares. The split-plot test included temperature and CO 2 × T mean square and subplot error sums of square. Finally, the split-split-plot test included the mean squares corresponding to H 2 O, H 2 O × CO 2 , H 2 O × T, and H 2 O × CO 2 × T divided by the split-subplot error. The means ± S.E. was calculated for each parameter. When a particular F test was significant, we compared the means using LSD multiple comparison. The results were accepted as significant at P < 0.05.
Results
Estimation of A sat revealed that, regardless of water availability, elevated CO 2 decreased the photosynthetic capacity of those plants (Table 1 , F = 9.16, P = 0.02), especially under ambient temperature conditions. No statistical differences associated with CO 2 were observed in amb + 4 • C treatments. The results in Table 1 also show that A sat values were not affected by temperature (F = 1.06, P = 0.35) or water availability (F = 1.99, P = 0.18). However, upon further analysis of water availability effect interacting with temperature, the data showed that, although in fully watered plants, no differences related to growth temperature were observed, in partially watered treatments, temperature enhancement increased A sat . Reduction of carboxylation efficiency was accompanied by decreases in the maximum carboxylation velocity of Rubisco (V cmax ; F = 85.78, P = 0.00) and maximum electron transport rate contributing to RuBP regeneration (J max ; F = 6.78, P = 0.04) ( Table 1 ). The reduction of CO 2 assimilation was not attributable to stomatal limitation (l), where no effect (F = 3.13, P = 0.13) associated with CO 2 increase, analysed separately or interacting with temperature and water availability, was found. No effect of temperature or drought on V cmax and J max was observed. Similarly to what was described in A sat , drought effect on l was mediated by growth temperature. Although no statistical differences were detected in control plants, in treatments subjected to low water availability, temperature enhancement negatively affected l.
Analyses of electron transport flow revealed that elevated CO 2 reduced the total electron flux in PSII [Je(PSII)] (F = 12.06, F = 0.03) in all treatments, except in plants grown at ambient temperature where no differences were observed (Fig. 1A) . Reduction of Je(PSII) observed in plants grown under 700 mol mol −1 decreased the electron flux destined to the photosynthetic carbon reduction [Je(PCR)] (F = 16.61, P = 0.01) and electron flux for photorespiratory carbon oxidation [Je(PCO)] (F = 23.64, P = 0.01) (Fig. 1B and C, respectively) . Elevated CO 2 tended to increase the electron flux to the alternative pathway (Ja), although not in a statistical manner. This effect was most clear in fully watered plants grown under ambient temperature and droughty plants grown at elevated temperature (Fig. 1D) .
Hydrogen peroxide determinations ( Fig. 2A) revealed that the effect of CO 2 concentration on H 2 O 2 content was mediated by water availability (F = 8.95, P = 0.012). Exposure of plants to 700 mol mol −1 decreased H 2 O 2 under well-watered conditions, whereas no effect was observed under drought. Lipid peroxidation analyses, estimated by TBARS determinations (Fig. 2B) , revealed that, regardless of water availability (F = 0.818, P = 0.383), elevated CO 2 decreased TBARS content (F = 12.59, P = 0.004). Although H 2 O 2 and TBARS were not influenced specifically by temperature increase (F = 0.06, P = 0.806; F = 5.27, P = 0.06, respectively), TBARS concentrations diminished when interacting with low water availability. Fig. 1 . Effect of CO 2 , temperature and water availability on Je(PSII), electron transport through Photosystem II; Je(PCR), electron transport through photosynthetic carbon reduction; Je(PCO), electron transport through photorespiratory carbon oxidation; Ja, electron transport through the alternative pathway in nodulated alfalfa. Each value represents the mean ± S.E. (n = 8). The different letters indicate significant differences (P < 0.05) among treatments as determined by LSD Catalase activity (Fig. 3A) was inhibited by elevated CO 2 (F = 58.66, P = 0.000) and elevated temperature (F = 16.44, P = 0.002). Drought enhanced CAT activity (F = 16.44, P = 0.002). Similarly, exposure to 700 mol mol −1 diminished SOD activity (F = 43.54, P = 0.00) (Fig. 3B) , although in this case, no differences associated with temperature increase were detected (F = 3.50, P = 0.110). However, Fig. 3 also revealed how in fully watered plants, temperature enhancement increased SOD activity. On the other hand, no CO 2 effect (F = 0.70, P = 0.434) was observed on ascorbate peroxidase activity (Fig. 3C) . As described in SOD activity, with plants grown under fully watered conditions, elevated temperature enhanced APX activity (F = 2.60, P = 0.154) independently of CO 2 concentration. Similar to the response seen for CAT and SOD activity, elevated CO 2 depressed glutathione reductase activity (F = 47.74, P = 0.00) (Fig. 3D) .
The glutathione (GSH) content was seen to be reduced in plants grown at elevated CO 2 (F = 5.85, P = 0.032), whereas drought (F = 67.70, P = 0.00), in both temperature and CO 2 conditions, increased GSH content (Fig. 4A) . Similarly, the oxidized glutathione content (GSSG) also decreased in elevated CO 2 , especially in association with drought (F = 23.2, P = 0.00). Furthermore, increased CO 2 reduced the values of total glutathione content (GSH + GSSG); (F = 41.89, P = 0.00) (Fig. 4C) . Plants grown at 700 mol mol −1 had higher GSH/GSSG ratios, especially under drought conditions (F = 53.6, P = 0.00) (Fig. 4D) .
Exposure to 700 mol mol −1 CO 2 decreased ascorbate content, although the effect was limited to fully watered treatments (F = 94.41, P = 0.00) (Fig. 5A) . Dehydroascorbate content was lower in elevated CO 2 treatments (F = 11.54, P = 0.02), especially in plants exposed to drought (Fig. 5B) . Consequently, regardless of temperature (F = 9.49, P = 0.02) or water availability (F = 45.01, P = 0.00), the total ascorbate content (ASA + DHA) was diminished in elevated CO 2 treatments (F = 4.30, P = 0.080). In addition, elevated CO 2 reduced ASA/DHA but only in fully watered plants (F = 5.85, P = 0.032) (Fig. 5D ). The temperature increase enhanced ASA/DHA (F = 8.44, P = 0.025).
Elevated CO 2 decreased violaxanthin concentration (F = 9.81, P = 0.014) (Fig. 6) . Temperature effect on violaxanthin was limited to fully watered plants in which temperature enhancement negatively affected its content. In parallel to this reduction, plants exposed to 700 mol mol −1 CO 2 showed higher zeaxanthin concentrations (F = 14.51, P = 0.006). The effect of CO 2 on antheraxanthin concentration was mediated by water availability (F = 7.50, P = 0.023) and temperature (F = 6.07, P = 0.045). Elevated CO 2 induced the stimulation of nonphotochemical quenching (NPQ; F = 5.84, P = 0.024) Fig. 2 . Effect of CO 2 , temperature and water availability on leaf hydrogen peroxide (H 2 O 2 ) and thiobarbituric acid-reacting substances (TBARS) content in nodulated alfalfa. Otherwise as for Fig. 1. Fig. 3 . Effect of CO 2 , temperature and water availability on leaf catalase (CAT), superoxide dismutase (SOD), ascorbate peroxidase (APX) and glutathione reductase (GR) activities in nodulated alfalfa. Otherwise as for Fig. 1 . (Fig. 7A) . Quantification of xanthophyll cycle pigment content (Fig. 6) indicated that, regardless of temperature (F = 2.87, P = 0.141) and water availability (F = 1.39, P = 0.262), elevated CO 2 decreased (F = 151.37, P = 0.00) the V/VAZ ratio (Fig. 7C ) and altered the oxidation state of the VAZ cycle pigments. The de-epoxidated form, Z, was progressively formed at the expense of the epoxidated form V, reaching 30% of the total VAZ cycle (data not shown). Changes in the proportion of de-epoxidated forms of A and Z compared with V were also reflected in the larger Z + A/V + A + Z ratio in elevated CO 2 treatments (Fig. 7B) .
Discussion
In a previous study (Aranjuelo et al., 2005a) , we showed that, under elevated CO 2 conditions, the carboxylation capacity of alfalfa plants decreases as a consequence of the reduction of Rubisco content and quantum efficiency (φ PSII ). However, chlorophyll fluorescence analyses suggested that elevated CO 2 photoprotect photosynthesis apparatus in alfalfa plants. To identify the primary target explaining the photoprotective role of elevated CO 2 , we examined the effect of CO 2 on photochemical reactions, alternative electron sinks, antioxidant enzyme activities, and photosynthetic pigment contents. The A/C i curve parameters analysed (light saturated rate of CO 2 assimilation, A sat , maximum carboxylation velocity of Rubisco, V cmax ; and maximum electron transport rate contributing to RuBP regeneration, J max ) confirmed that, opposite to what has been described by other authors Idso and Kimball, 1992) , plants grown at 700 mol mol −1 suffered photosynthetic acclimation. Interestingly, the data showed that the degree of acclimation varied, depending on growth temperature. Regardless of water availability exposure to 700 mol mol −1 , CO 2 decreased carboxylation capacity in ambient temperature conditions, whereas under elevated temperature conditions, no statistical differences were registered. Differences in the degree of photosynthetic acclimation could be caused by differences Fig. 4 . Effect of CO 2 , temperature and water availability on leaf-reduced glutathione (GSH), glutathione disulfide (GSSG), glutathione redox state (GSH/GSSG) and total glutathione (GSH + GSSG) in nodulated alfalfa. Otherwise as for Fig. 1 . in carbon source/sink (Rogers and Ainsworth, 2006) balance and/or nitrogen availability of those plants (Stitt and Krapp, 1999; . Stomatal limitation (l) quantification revealed that the reduction in carboxylation efficiency was not caused by stomatal closure phenomena. Photosynthetic acclimation of those plants was caused by the reduction in Rubisco activity (Aranjuelo et al., 2006) , which might be caused by the reduction in N availability caused by the decrease of nodule activity (data not shown). The absence of water availability effect on A/C i curve parameters suggests that applied water availability was not very severe. As we previously observed, no differences were detected on water state parameters between treatments associated to neither CO 2 concentration, temperature, nor water availability (Aranjuelo et al., 2005a (Aranjuelo et al., , 2006 . That there were no differences in gas exchange parameters suggests that plants grown at 50% of soil water content adapted their growth to the available water without suffering from stressful conditions. These findings were similar to what were earlier described (Aranjuelo et al., 2005a; Erice et al., 2006a,b) . Interestingly, A sat data also showed that, under low water availability, elevated temperature increased the photosynthetic activity of those plants, probably as a consequence of their lower stomatal limitation values.
A decrease in the capacity of CO 2 assimilation in the Calvin cycle implies a reduction in the demand for ATP and NADPH, resulting in the reduction of electron transport to match the lower demand for ATP and NADPH. Several studies (ScarasciaMugnozza et al., 1996; Hymus et al., 1999) carried out under field conditions have observed that plants grown under elevated CO 2 conditions may suffer from either a decrease or an increase in photochemical requirements for light-saturated electron flow to PSII [Je(PSII)].
Our results confirmed that elevated CO 2 decreases the amount of electron flow through Photosystem II [Je(PSII)]. Interestingly, as observed by other authors (Hymus et al., 2001) , the reduction of Je(PSII) observed in plants grown under 700 mol mol −1 reduced the electron flux destined for photosynthetic carbon reduction [Je(PCR)] and that destined for photorespiratory carbon oxidation [Je(PCO)]. A reduction in electron flux to PCR would be related to the decrease of V c,max and, consequently, the carboxylase activity of Rubisco (Aranjuelo et al., 2005a) . The photosynthetic acclimation blocked the short-term stimulation of Je(PCR) by atmospheric CO 2 concentration (Hymus et al., 2001) . Furthermore, Je(PCO) was competitively suppressed by the increase in atmospheric CO 2 concentration (Hymus et al., 2001 ). In the present study, the previously mentioned lack of temperature and water availability effect on A/C i curve parameters (also reflected on electron flux sinks) was accompanied by minor effects on electron flux sinks. The slight increase in electron flux to the alternative pathway (Ja) under elevated CO 2 conditions was similar to that observed by other authors under mild water or temperature stress conditions (Bartak et al., 1996; Hymus et al., 1999 Hymus et al., , 2001 . Other studies on plants exposed to more severe stressful growth conditions (chilling, elevated temperature, and low water availability) and exposed to such conditions for longer periods of time have observed an electron flow from water through the oxygenevolving complex (OEC) in PSII to water in PSI (Asada, 1999) .
On the basis of previous studies, the reduction of CO 2 assimilation capacity and electron flow to PSII was expected to cause photooxidative damage, especially in high-irradiance conditions. When photosynthetically active photon flux density is in excess of that required for CO 2 assimilation (which is the case in plants grown under elevated CO 2 conditions), electron carriers are over reduced and the photon energy excess can generate ROS if the scavenging capacity of the plants is exceeded. Interestingly, elevated CO 2 prevented photodamage in plants and photooxidative damage was only observed in plants grown at 350 mol mol −1 . Plants scavenge ROS through the antioxidant system (enzymatic and nonenzymatic). Two common parameters used to estimate the degree of oxidative stress are the measurements of H 2 O 2 and lipid peroxidation (Dat et al., 2000) . We estimated lipid peroxidation by measuring the TBARS (Dhindsa et al., 1981) . Absence or inhibitory effect of elevated CO 2 on H 2 O 2 and TBARS revealed that the excess photon energy did not generate ROS. Furthermore, elevated CO 2 protected those plants from photooxidative stress. In agreement with previous findings, the absence of drought and temperature effect on TBARS and H 2 O 2 confirmed that those plants adapted their development to the available soil water content. Furthermore, droughty plants grown at elevated temperature (at both CO 2 concentrations) had lower TBARS values.
Among the photoprotective mechanism, two biochemical processes have received attention over the last 15 years. One is the photoreduction of oxygen and the subsequent detoxification of the ROS by an integrated system of enzymatic and nonenzymatic antioxidants. The second is xanthophyll cycledependent thermal dissipation (Demming-Adams and Adams, 1992) . Enzymes involved in ROS scavenging to minimize the cellular oxidative damage plant produce include catalase (CAT), superoxide dismutase (SOD), ascorbate peroxidase (APX), and glutathione reductase (GR). In agreement with H 2 O 2 and TBARS results, the analyses of antioxidant enzymes revealed that, except in the case of APX activity where no clear response pattern was detected, elevated CO 2 decreased CAT, SOD, and GR activities. In general, the status of the plant's antioxidant system is believed to be a function of oxidative stress (Polle et al., 1997) . Therefore, the observed reduction in antioxidant activities may reflect a reduction of oxidative stress resulting from growth in CO 2 -enriched environments (Polle et al., 1997; Pritchard et al., 2000) .
In addition to the enzymatic antioxidants, the plants also have nonenzymatic antioxidants. Most importantly, reduced glutathione (GSH) and reduced ascorbate (ASA) can be involved in the deactivation of the ROS (Demming-Adams and Adams, 1992) . Under normal physiological conditions, glutathione and ascorbate are largely found as GSH and ASA, which are regenerated by the reduction of GSSG and ASA (oxidized forms of glutathione and ascorbate, respectively). Both reactions are extremely efficient processes, catalysed by GR and APX, that dissipate energy and contribute to the adjustment of ATP/NADPH ratios when CO 2 fixation is limited (Foyer et al., 1984) . Our results revealed that GSH and ASA concentrations, together with total glutathione and ascorbate concentrations, decreased under elevated CO 2 , indicating that, in agreement with the enzymatic antioxidant system results, the antioxidant system of those plants was not enhanced because those plants did not suffer from significant photooxidative damage. The thesis that the plants did not experience photooxidative stress was also confirmed by the increased ASA/DHA and especially by the GSH/GSSG ratio. Foyer et al. (1995) observed that overexpression of GR in poplar plants increased antioxidative capacity and improved the tolerance for photoinhibition by raising GSH levels and the GSH/GSSG ratio. Similarly, nonenzymatic antioxidants revealed that no statistical differences were observed associated with water treatment, corroborating their ability to grow under water-limited conditions.
According to Demming-Adams and Adams (1992) , the decrease in efficiency of photosynthetic energy conversion (i.e., photodamage) can result not only in some form of "damage" to PSII but also an increase in thermal energy dissipation (a photoprotective process that does not represent damage) that occurs prior to the occurrence of any photooxidative process. Nonphotochemical quenching enhancement detected in elevated CO 2 treatments revealed that, regardless of water availability and temperature, plants grown at 700 mol mol −1 had a greater capacity for nonradioactive dissipation of excitation energy as heat. As suggested by other authors (Hymus et al., 2001; Kitao et al., 2005) , NPQ increase would protect the reaction centres from photoinactivation and damage under elevated CO 2 treatments where the rate of excitation of PSII was in excess of the rate of photochemistry. Thermal dissipation involves a transthylakoid pH difference and the xanthophyll cycle (Demming-Adams and Adams, 1992) . In this process, the formation of a pH gradient across the thylakoid membrane activates the de-epoxidation of violaxanthin (V) to zeaxanthin (Z) and antheraxanthin (A), facilitating the thermal dissipation of excess excitation energy. Closer examination of the xanthophyll pigments showed that elevated CO 2 decreased violaxanthin (V) concentration, whereas antheraxanthin (A) and especially zeaxanthin (Z) concentrations were enhanced. This means that the conversion state of the xanthophyll is increased, indicating de-epoxidation of violoxanthin. (A + Z)/(V + A + Z) and the V/(V + A + Z) confirmed that plants grown under elevated CO 2 concentrations have a greater thermal dissipation capacity (Kurasova et al., 2003) . This implies that changes in CO 2 assimilation observed at elevated CO 2 required a modification in the partitioning of absorbed energy between photochemistry in the thylakoid membrane and heat dissipation as observed by Hymus et al. (1999) .
In conclusion, our results confirmed that elevated CO 2 induced photosynthetic acclimation caused by reduced Rubisco content quantum efficiency. However, we would like to mention that the degree of CO 2 effect on the carboxylation capacity differed, depending on growth temperature. Interestingly, our data also showed that CO 2 effect did not interact with water availability. Lack of statistical differences on gas exchange parameters (together with the antioxidant enzymatic and nonenzymatic measurements) highlighted the fact that partially watered plants adapted their metabolism to available soil water content. Elevated CO 2 also protected Photosystem II from photodamage by delivering the excess energy through the modulation of the VAZ status components. Elevated CO 2 induced the depo-oxidation of violaxanthin to zeaxanthin, thus facilitating the thermal dissipation that protects the photosynthetic apparatus from the deleterious effect of excess excitation energy. The analyses of H 2 O 2 , TBARS, and enzymatic and nonenzymatic parameters revealed that the photoprotective effect of elevated CO 2 was not caused by improvements in the antioxidant system. Furthermore, under elevated CO 2 conditions, the rate of superoxide production decreased and, consequently, the antioxidant defence system also diminished.
